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Abstract

We have derived ambient black carbon (BC) concentrations and estimasserfactors

for on-road diesel vehicles from archived Coefficient of Haze (COH)tdatavas

routinely collected beginning in 1967 at 11 locations in the San Francisco BayGXdéd
values are a measure of the attenuation of light by particles collectedhote dilver, and
available data indicate they are proportional to BC concentrations measurgdhe
conventional aethalometer. Monthly averaged BC concentrations are up tonege ti
greater in winter than summer, and, consequently, so is the population’s expodire to B
The seasonal cycle in BC concentrations is similar for all Bay Ares, sitost likely due

to area-wide decreased pollutant dispersion during wintertime. A streelgycycle is

also evident, with weekend concentrations significantly lower than weekday
concentrations, consistent with decreased diesel traffic volume on weekbkadgedkly
cycle suggests that, in the Bay Area, diesel vehicle emissions are theadbaaurce of

BC aerosol. Despite the continuous increase in diesel fuel consumption in California,
annual Bay Area average BC concentrations decreased by a factor ah-{Bdriate

1960s to the early 2000s. Based on estimated annual BC concentrations, on-road diesel
fuel consumption, and recent measurements of on-road diesel vehicle BOrmidiesel

BC emission factors decreased by an order of magnitude over the study periodoRgduct
in the BC emission factor reflect improved engine technology, emissidrots and

changes in diesel fuel composition. A new BC monitoring network is needed to continue
tracking ambient BC trends because the network of COH monitors has ydyssentl

retired.
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1. Introduction

Black carbon (BC), a product of incomplete combustion of carbonaceous fuels, is
the main sunlight-absorbing component of atmospheric aerosols. The absorption of
sunlight by BC contributes to visibility degradation in polluted atmosphel@w#th
1993] and to anthropogenic climate forcidg¢obsor2001,Houghton et al2001]. BC
also poses a public health concern because it is present in particulate¢hmattesmall
enough to deposit in the lungs, which causes asthma and other health pr&lpenarid
Dockery2006]. BC has been used as an indicator of exposure to diesel exhaustymg.,
et al. 2004], which has been classified as a toxic air contami@akiRB1998] and a
suspected carcinoge@gl EPA2005].

Coal and diesel are the primary BC-producing fossil fuels. BC emissiemas ar
function of the combustion technology in addition to the amount and type of consumed
fuels. The combustion of BC in the United States and other industrialized countries has
changed markedly over time, as discussedamakov et al[2003]. In the past, inefficient
coal combustion in the domestic and industrial sectors generated most of the anthcopogeni
BC emissions. In the second half of the past century, however, petroleum-based fuels
replaced coal as the principal BC source in the United States and in Westgpe.E

Presently, diesel engines in the transportation sector are the main siuBCem
urban regions in the United States and elsewlzoad et al.1994], and are thus
responsible for much of the environmental impacts of BC. It is clear that dietel f
consumption has increased in the U.S. over the past 30+ GalBQE2007]; and over
this period air pollution abatement policies have resulted in changes to diesel teghnolog
However, it is difficult to say how changing diesel technology has influenobdat BC
concentrations because most measurements of BC concentration lack longeterm a
regional coverage. Vehicle emission factors could be combined with fuel consumpdion da
to estimate the historical contribution of diesel vehicles to atmospheric B@uiblighed
emission factors differ by about a factor of t&@opke et al1999 Bond et al2004 Ito
and PenneR005]. Therefore, significant uncertainty accompanies estimates of ambient
concentration trends based on published emission factors and fuel consumption data,
indicating the need for additional approaches, as suggested previdasbeh et al.

2003].



In lieu of direct measurements of atmospheric BC concentrations, a eetigsp
analysis of BC air pollution must rely on proxy dat@avakov and Hans€2004]
estimated atmospheric BC concentrations from “black smoke” data thikhe€ass et al.
[1984] estimated BC concentrations from reflectance-based tape samaerremeents in
southern California. In this study, we used archived measurements afieoetf haze
(COH) to estimate BC concentrations. COH was one of the earliest meatpeeticulate
matter air pollution adopted by regulatory agencies. COH levels wereamszhit
throughout California beginning in the late 1960s, but most COH monitors have now been
retired.

Like modern measurement of BC made with the aethalontdéersen et al1984],
COH measurement involved drawing a known volume of air through a white filter and
periodically measuring the light (from an incandescent bulb) transmittedgtnthe
particle-laden filter to determine the aerosol optical denkignjeon et al1953]. Whereas
BC is reported in units of mass concentration (ji{),the COH unit was defined as the
amount of aerosol that produced an optical density of 0.01. COH values express aerosol
concentrations in terms of COH per 1000 linear feet (305 m) of sampled air. As thé optica
density of urban aerosols is largely due to light-absorbing black carbon, dgpediad
visible and near-infrared wavelengths used to measure COH, COH valinghdye
correlated with BC concentrations simultaneously measured usingofised optical
methods Cass et al1984;Allen et al.1999].

The present analysis focuses on the San Francisco Bay Area of Califdeniese
COH measurements in this region to estimate how ambient BC concenthati@ns
changed during the past four decades. Our analysis first considersatiomsgip between
COH and BC and then the trends in BC concentrations over different time scadekly, w
seasonal and long term. This provides information about predominant BC emission
sources, the population’s exposure to combustion-derived particulate matter, and the
impact of technology changes on ambient BC concentrations and emissionorrsdlgliti
we estimate the 30+ yr trend in on-road diesel vehicle BC emission factors.

2. Archived COH Data
COH levels recorded at approximately 100 sites throughout California araldeail



from the California Air Resources BoaidARB 2006]. We analyzed archived COH data
from 11 sites in the San Francisco air basin over a 37-year period (1967 yoT2G&® 11
sites, listed below, reported daily average COH values on most (65-96%) of the days
this period. COH data from other sites in this air basin with limited coverageydhrs
period (4-34% of daily averages available) were excluded from thesaaly

The 11 included sites under the jurisdiction of the Bay Area Air Quality
Management District (BAAQMD) were Concord (Contra Costa county), Fremont
(Alameda county), Livermore (Alameda county), Napa (Napa county), Pit¢Gontra
Costa county), Redwood City (San Mateo county), Richmond (Contra Costa county), San
Jose (Santa Clara county), San Rafael (Marin county), Santa Rosa (Sonompamdinty
Vallejo (Solano county). A map of the San Francisco air basin is available at t
BAAQMD’s website:http://www.baagmd.gov/dst/jurisdiction.htm

BAAQMD'’s air pollution monitoring facilities are sited following EPA geiines
and are intended to reflect major pollutant sources. They are located in udmwhese
pollutant concentrations are influenced by emissions from traffic on lweats None of
the sites are immediately adjacent to a freeway, but many are wittila ar two,
including those at Livermore, Redwood City, San Jose and San Rafael. Both the Redwood
City and San Rafael sites have operated 30+ years and are within a few bldaksdy
101.

The COH monitoring procedure was not fundamentally changed over the study
period {Yamaichi and Stevensgpersonal communication, 2007). The most significant
change was a switch from manual to automated data acquisition. Thus, thieeG@sH

discussed below should not be due to changes in sampling methodology.

3. Resultsand Discussion
3.1 Relationship between COH and BC. The basis for using COH data to estimate
trends in BC stems from the similarity in the techniques used to measure lwdls, spe
noted aboveAllen et al.[1999] reported a strong linear relationship between COH levels
and aethalometer BC concentrations in Philadelphia during the summer of 1992 BC (
m3) = 5.66COH — 0.26 with R= 0.99 (where Ris the linear correlation coefficient). As

shown in Fig 1, monthly average COH and BC measurements recorded in Fresno,
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California (located south of the San Francisco air basin) during the Northo&amer
Research Strategy for Tropospheric Ozone stBi®yRSTQ2007] from December 1999 to
August 2002 yield a similar linear relationship: B@ (1i°) = 5.13COH + 0.57 with &=
0.96. While additional collocated COH and BC measurements would strengthen the
relationship, the measurements in Philadelphia and Fresno both indicate that the
relationship is linear. In the analysis presented below, the average sipsds.used to
estimate BC from measured COH, and the offset was disregarded bi¢czase one
case slightly positive and in the other slightly negative.

3.2 Weekly BC cycle. BC concentrations in the Bay Area show a weekly cycle,
which persisted throughout the 37-year observation period. On average over this period,
weekday concentrations were about 1.4 times larger than Sunday concentrations, as
illustrated in Fig 2aDreher and Harley{1998] reported a marked reduction in diesel fuel
use and diesel vehicle traffic volume on Sundays in the San Francisco Bay Aed.oBa
California Department of Transportation freeway motion senBoeter and Harley
reported that Sunday diesel truck travel is only about 25% of the weekday average. In
contrast, light-duty gasoline vehicle travel shows relatively littleklyevariation. Light-
duty vehicle travel is the same on Saturdays as weekdays and only 10% less on Sundays
[Marr et al.,2002]. Therefore, we attribute the weekly pattern in BC to a reduction in
diesel traffic on weekends, particularly on Sundays, and we infer that dieseévehicl
emissions are a dominant source of BC emissions in the Bay Area. Seveshatles
reported for California regions similar weekly trends in carbonaceotisyjate matter
concentrations related to decreased diesel traffic volumes on weekendh et al2006;
Harley et al.2005;Chinkin et al.2003;Motallebi et al.2003].

The weekly cycle in BC concentrations is seasonally dependent: it is more
pronounced in the summer months when BC concentrations are lowest than in the winter
when BC concentrations are highest (Fig 2b). For example, in July and Augasterage
weekday BC concentration is 1.8 times higher than it is on Sunday, while in Decerdber
January, this ratio decreases to 1.2. This seasonal difference in the webtkig ay least
partly due to pollutant dispersion, which is discussed in more detail below. In the
summertime when pollutants are more effectively dispersed and the build up ofipslluta

in the air basin is at a minimum, the ambient BC concentration is more sensitive to the



weekly cycle in emissions than it is in the wintertime, when the baselineipollevel
rises due to reduced dispersion. Reduced pollutant dispersion in the wintertimesalts
in carryover of the previous day’s emissions, as evidenced by the monatorasenor
BC concentration during weekdays in January and February (Fig 2b).

BC emissions from residential wood burning in the wintertime might also
contribute to the seasonal difference in the weekly BC cycle if wood burciingya
increased on weekends. However, this appears not to be the case. A recent survey found
that Bay Area households were no more likely to burn wood on weekends than on
weekdays BAAQMD, 2006].

3.3 Seasonal variations. BC concentrations in the Bay Area show pronounced
maxima in winter and minima in summer, and this seasonal trend persisted thrabghout
37-year period of observation. This seasonal cycle is illustrated in Feysd3a
Wintertime BC concentrations are up to five times higher than summexinoentrations.
The similarity in the seasonal variation throughout the Bay Area is indibgtstrong
inter-site correlations among concentration time series. Linear atioretoefficients (B
among pairs of Bay Area sites, some separated by as far &mld0erage 0.74 and are
generally between 0.65 and 0.85 (Table 1).

The seasonal cycle in BC concentrations is most likely due to reduced pollutant
dispersion during winter monthGlen et al[1996] reported lower mean mixing height
(570 vs. 660 m) and mean wind speed (3.7 vs. 6.4)imsvinter months than in summer
months for the San Francisco area. The inter-site correlations in Tabledtenthat
changes in pollutant dispersion occur synchronously throughout the Bay Area.rastont
to seasonal variation in pollutant dispersion, motor vehicle fuel consumption, including
diesel, is essentially constant throughout the yieldA] 2007].

A similar seasonal trend in carbon particle concentrations was obserGagb et
al. [1984] at seven locations in the Los Angeles area (1958 to mid-1981). They attributed
the seasonality in concentration to decreased atmospheric dispersion loeifatg tall
and early winter rather than to temporal changes in the emissions framinitipal BC
sources, namely diesel vehicles. Diesel vehicle emissions of BC werderedso be
approximately constant throughout the year, as indicated by fuel consumptioRHdata [

2007]. LikewiseGlen et al.[1996] demonstrated that meteorologically driven dispersion,



not seasonal variation in emissions, caused the same seasonal trend in carbatemonox
concentrations in several urban locations, including the San Francisco air basin.

While meteorology likely dominates the seasonal trend in Bay Area BC
concentrations, we considered that increased residential wood burning in thitmente
[Fairley, 2006] might also be a factor. Schauer and Cass [2000] discuss an extreme wood
smoke event in Fresno (located south of the San Francisco Bay Area), whiclaoffers
upper bound for the contribution of wood burning to ambient BC concentrations. For that
highest wood smoke event, a source apportionment indicated that diesel vehicles and wood
burning, respectively, contributed 80 and 20% of the ambient BC. Thus, the typical BC
contribution from wood burning in the wintertime is likely substantially lowwant20%.

Note that the seasonality in BC concentrations is opposite that of photochemical ai
pollutants, most notably ozone. In the summertime, increased solar insolation (and thus
photochemistry) and higher temperatures lead to peak ozone concentrations. While the
population’s health risk due to ozone exposure is at maximum in the summéidiges gt
al., 2005 and references therein], its exposure-related risk to (toxic and candthoge
diesel emissions, as indicated by increased BC concentrations, is atraumar the
wintertime, primarily because of the meteorology of this region.

3.4 Historical trendsin BC concentrations and estimated on-road diesel vehicle
emission factors. Annual average BC concentrations in the Bay Area over the 1967 to
2003 period are shown in Fig. 4a. Annual diesel fuel consumption by on-road motor
vehicles in California is also shown for comparison. Taxable fuel salesegeto measure
on-road vehicle fuel consumptio@dl BOE 2007]. While diesel fuel use, the main source
of BC emissions, increased by a factor of ~6, BC concentrations decbyasdalctor of
~3 over the same period. (The estimated BC concentration in 1967 is likely bidsed hig
because COH data were available only for winter months at many of the satnpling
locations that year.) The contrast in the trends in BC concentration artifdedsise is
striking, especially beginning in the early 1990s when BC concentrations begesdig
decreasing despite sharply rising diesel fuel consumption. This sosiiggests that
technology changes to reduce BC emissions have been successful.

Assuming that diesels have been the only significant BC source in the Bay Area,

estimated BC emission factors — the mass of BC emitted per mass otdiesained — for



the period 1968 — 2003 decreased by an order of magnitude: from about 11dLR§8

to less than 1 g kbin 2003, as shown in Fig 4b. We used the ratio of the time series of BC
mass concentration to fuel consumption (Fig 4a) to estimate the BC emissn.fa

These ratios are a relative measure of the diesel BC emission fassorsjrag that

ambient concentrations are proportional to BC emissions. The absolute emigsimifac
each yeari, are derived by normalizing to the ratio for 1997 and the BC emission factor of
1.3 g BC per kg of diesel fuel consuni&drchstetter et al.1999, using the following

equation:

BC(gkg'l)iz[ j e 13gkg™ (1).
1997

BC concentration Diesel consumption
[ ]
Diesel consumption J. BC concentration

The study oKirchstetter et alwas chosen because it was conducted in the Bay
Area and BC was measured (whereas most vehiclesiemistudies have not speciated the
particulate mass). Moreover, the measurements eoer@ucted in a roadway tunnel, and,
therefore, the observed fleet represented theenyus of well-maintained and high-
emitting vehicles. High-emitting vehicles can havarge influence on fleet-average
emissionsBond et al[2004] reviewed several studies of emissions freel-maintained
and high-emitting vehicles and derived a fleet-agerBC emission factor of 1.5 g képr
a 1996 emission inventory compilation, which isitamto the value we use in Eqn 1.

3.5 Uncertainty. Uncertainty in the derived emission factors arthes to the
assumption that only diesel vehicles contributartdient BC concentrations. While the
weekly cycle in BC concentration (described ab®tgjgests that diesel vehicles are the
dominant BC emitter, other sources likely contréonbn-negligibly. Other BC sources
may include a) wood burning, as noted above, b)lgesengines, c) off-road diesel
vehicles, and d) industrial use of coal and diéakd.do not consider electric utilities
because BC emissions from these sources are afsactitbn of BC emissions from motor
vehicles and there are no coal-fired power plantSalifornia.

a) As discussed above, we inferred from the stdd$chauer and Cas¥00] that
wood burning might contribute a maximum of 20% aftertime BC emissions. We also

noted that wood burning activity is seasonal; \gtlg occurs in the summertimé&dirley,



2006]. In order to remove uncertainty related tassions from this source, we derived BC
emission factors using summertime BC concentratjoes BC concentrations estimated
from July through August COH data). This revisetihegte of BC emission factors

(shown as open triangles in Fig 4b) is very simitathe estimate based on annual BC
concentrations. Thus, emissions from wood burnmgat significantly affect our derived
diesel vehicle BC emission factors.

b) The relative importance of BC emissions fromafjag-powered motor vehicles
was estimated from published emission factors. gviié BC emission factor from diesel
vehicles is approximately 40 times larger than figasoline vehicles, roughly six times
more gasoline than diesel fuel is sold in Califarjiiirchstetter et al1999]. Based on BC
emission factors, fuel use, and fuel propertiesnteil inKirchstetter et al.we estimate
that gasoline engines contribute about 14% of @aHB®C emissions, which are not
included in our emission factor calculations. Téktive importance of BC emissions from
gasoline vehicles may have been greater earligheiistudy period if gasoline engines were
previously much larger BC emitters.

c) The off-road transport sector consists of ofHway vehicles, farming
equipment, rail, and ships. Over the US as a wita@lentributes a significant fraction of
BC emissions.Bond et al1994]. We do not expect emissions from farming piopant to
contribute substantially to the San Francisco Begefecause the major agricultural areas
of California lie downwind of the Bay Area. Consuiop of diesel fuel in California from
off-highway vehicles, rail and ships has remairgdtively constant compared to on-road
diesel consumption, as shown in Fig 4a. (Due ta dagavailability, off-road consumption
in Fig 4a includes off-highway vehicle consumptaniy after 1983.) Since off-road
diesels are subject to fewer regulations than awkiesels, the present-day BC emission
factor of off-road diesels is likely higher tharatlof regulated on-road diesels and has
likely remained relatively constant compared td tifaon-road diesel88ond et al
summarized available off-road emission factor d@aia reported central values ranging
from 1.2 to 3.6 gBC Kg If the statewide fuel trends shown in Fig 4a gplthe Bay
Area, then based on these emission factors, off-doesels contribute appreciably to Bay

Area BC concentrations.
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d) While estimates for the United States indichtg BC emissions from industry
are presently a small fraction of those from tramtgiion Bond et al 2004], coal and
diesel fuel consumption data for California indec#itat industrial BC emissions may have
been more important early in the study perigth] 2007]. (By comparison, residential and
commercial consumption of diesel and coal has begtigible. Energy consumption in
these sectors is primarily from natural gas, witichtributes negligible amounts of BC.)
Similar to off-road diesel consumption, consumpiiothe industrial sector has remained
approximately constant throughout the study pemsdghown in Fig 5.

In summary, in light of potentially significant B&nissions from other combustion
sources in the Bay Area, the emission factors g may overstate the emissions from
on-road diesels and their historical decreasentasing the magnitude of the uncertainty
in emission factors is not possible without addigibregion-specific fuel consumption
data. While it is reasonable to assume that died@tle BC emissions might have had the
most influence on measured COH concentrations ausecmonitoring facilities are
influenced by local traffic and several were clasé&reeways — it is probable that the
values in Fig 4b are upper bounds of the BC emmsfsiotors from on-road diesels.

Uncertainty also arises from our assumption thaidilesel fuel consumption trend
in the San Francisco Bay Area is the same as éitevatle trend. Significant differences
between Bay Area and statewide diesel consumponl$ would result in either an over-
or under-stated reduction the derived BC emissastofs.

Last, we note that note our assumption of a cohstdationship between COH and
BC (i.e., a constant conversion factor) introdus@se uncertainty. We assumed a constant
relationship because the concurrent COH and BCaater a short period of time. If the
relationship varied over the study period, thenested BC concentrations and emission
factors would be affected. Note that whereas thaestimated BC concentrations depend
on the value of the conversion factor, the emisfators depend only on the trend in the
BC concentrations. Therefore, uncertainty in thgmitade of the conversion factor,
assuming it is constant over time, does not addeaincertainty the derived emission
factors.

In general the assumptions discussed above becameetemuous farther back in

time and lead to greater uncertainty in the ese@ch&C emission factors early in early
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study period. Conversely, the estimated BC emisfsiotors late in the study period, and
the attribution of the decrease in BC concentratgince 1990 to cleaner diesels, probably
carry less uncertainty.

3.6 Reconciliation of estimated BC emission factors with emission regulations
and vehicle emission measurements. Three periods are evident in the changing BC
emission factors and ambient concentrations ovefl 867 to 2003 period: (i) pre 1975
when a substantial decrease in emission factorsuantient concentrations occurred, (ii)
1975 — 1990, a period with a gradual decrease iastom factors and approximately level
ambient BC concentrations, and (iii) post 1990 wemerission factors and ambient
concentrations again decreased markedly. These tinne segments qualitatively
correspond to the following major milestones in &stan control policy described by
Lloyd and Cackette [2001].

The first diesel emission controls were directedistble smoke reduction by
national standards introduced in 1970. Diesel ¢oehposition, including sulfur content
reduction, changed concurrently with smoke contrbtese changes roughly correspond
to the pre-1975 decreases in ambient BC concemtsatind emission factors. Diesel
particulate matter emissions, of which BC is theanity, were subsequently controlled
mostly through improvements in engine design. G reeavy-duty diesel particulate
matter emission standards were first implementedalifornia in 1973. On-road emissions
were reduced as new vehicles replaced older mdhatipng vehicles. These developments
correspond to the more-gradual decreasing treBCiemission factors between 1975 and
1990.

In addition to engine improvements through fleehtwer, emission controls and
fuel changes likely contributed to the sharp desgea BC concentrations and emission
factors after 1990. In the 1990s, many urban ttdnses were retrofitted with oxidation
catalysts to reduce PM and, consequently, BC eamssin 1993, California limited the
sulfur content in diesel fuel to 500 ppm compaied pre-regulation average of 2500 ppm
and limited aromatic hydrocarbon content to 10%e dhta in Fig 4 indicate that BC
concentrations and emission factors decreasednioiipthe 1993 regulations. Reducing
the aromatic fuel content is expected to reduceeBizsions. The reduction in fuel sulfur

may also have reduced BC emissions because higbuifier promotes soot formation.
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Sulfur oxides produced in combustion catalyze dm®mbination of O and OH radicals,
reduce the degree of acetylene oxidation and thinaree the formation of soot
precursors; see for exam@enith[1981] and references thereMcKenzie et al[2005]
showed that lowering the fuel sulfur content fro@®%pm to 50 ppm greatly reduced
emissions of polycyclic aromatic hydrocarbons (PAddin heavy-duty diesel buses.
Although BC emissions were not measured in thatystsimilar reduction of BC can be
expected because PAH and BC are both productsoimplete combustion and are often
highly correlated\Vesterdahl et aR005].

A number of vehicle emission studies corroboratérielogy-driven emission
improvementsPrucz et al[2001] reported that changing diesel engine teldgyosince
the early 1990s markedly reduced particulate mattassions. Heavy-duty diesel vehicle
chassis dynamometer tests indicate that particolatéer emission factors trend downward
with engine model year: emission factors from 1888 newer models were ten times less
than emissions from pre 1980 modd&l&R|C 2003]. The introduction of new technology by
way of fleet turnover resulted in measured decreasen-road diesel particulate matter
and BC emissions factors of 48 and 39%, respegtibeltween 1997 and 200Bdn-Weiss
et al. 2007].

3.7 Recommended BC measurements. We restate the need for additional side-by-
side measurements of COH and BC and recommendaseuieoutine monitoring of BC.
There are few collocated COH and BC measurementsaamoted above, more would
strengthen the relationship between COH and BGréeiin this study. Routine monitoring
of BC is needed to continue tracking ambient cotrations. The COH monitoring

network in California has been retired without se@ment.
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Table 1. Regression coefficients’§Rmong monthly BC concentrations at locations
throughout the San Francisco air basin (1967-2003).

Redwood City | Livermore | Richmond | SanJose | SanRafedl | Pittsburg | Fremont | SantaRosa | Napa | Vallejo | Concord
Redw.Citty X
Livemore | 0.62 X
Richmond 0.64 0.64 X
SanJose | 0.84 0.66 0.67 X
S. Raf. 0.66 0.52 0.63 0.69 X
Pittsourg | 0.69 0.68 0.73 0.72 0.67 X
Fremont 0.75 0.70 0.74 0.78 0.68 0.78 X
S.Rosa | 0.73 0.57 0.73 0.81 0.68 0.7Q 0.7% X
Napa | 0.82 0.66 0.77 0.86 0.74 0.8Q 0.7 0.87 X
Vallejo | 0.69 0.68 0.78 0.77 0.71 0.73 0.7 0.74 0.79 X
Concord 0.84 0.73 0.80 0.89 0.77 0.81 0.8 0.85 0.86 0.5
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Figure Captions

Fig 1. Collocated monthly average BC (aethalometad) COH levels in Fresno, CA
during the North American Research Strategy fop®spheric Ozone studiNARSTO
2007]. Also shown is the linear regression lineorggd byAllen et al [1999] for
measurements in Philadelphia, PA.

Fig 2. Average Bay Area BC concentrations by dayweék over the period 1967 to 2003
(a) averaged over the whole year and (b) averameebich month of the year. The error
bars reflect the relative standard deviation oaen@ing sites in the daily average BC
concentration.

Fig 3. (a) Monthly BC concentrations (COH also shiaveraged for 11 locations in the
San Francisco Bay area from 1980 to 1990. (b) Antneiad in BC over the period 1967-
2003 at each location. Average monthly concentnatere normalized to June.

Fig 4. (a) Estimated annual average BC concentraifiothe San Francisco Bay Arag (
and California on-roadA) and off-road {) diesel fuel sales (see text for definition oflfue
categories). The initial BC concentration showikig 4a is likely biased high as it
represents only winter data rather than the avesdganual data for 1967. (b) Estimated
on-road diesel vehicle BC emission factors basednmual averagesj and summertime
averageA) BC concentrations. The error bars in Fig 4b otftee standard deviation over
Bay Area sampling sites in the annual average BCaatration.

Fig 5. California energy consumption estimates faamsumption of distillate in the
transportation sectos§ and coal 4) and distillate €) in the industrial sectoEIA, 2007].
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Fig 1. Collocated monthly average BC (aethalometad) COH levels in Fresno, CA
during the North American Research Strategy fop®spheric Ozone studiNARSTO
2007]. Also shown is the linear regression lineorggd byAllen et al [1999] for
measurements in Philadelphia, PA.
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Fig 4. (a) Estimated annual average BC concentraifiothe San Francisco Bay Arag (
and California on-roadA) and off-road {) diesel fuel sales (see text for definition oflfue
categories). The initial BC concentration showikig 4a is likely biased high as it
represents only winter data rather than the avesdganual data for 1967. (b) Estimated
on-road diesel vehicle BC emission factors basednmual averagesj and summertime
averageA) BC concentrations. The error bars in Fig 4b rtftee standard deviation over
Bay Area sampling sites in the annual average BCeauatration.
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	A number of vehicle emission studies corroborate technology-driven emission improvements. Prucz et al. [2001] reported that changing diesel engine technology since the early 1990s markedly reduced particulate matter emissions. Heavy-duty diesel vehicle chassis dynamometer tests indicate that particulate matter emission factors trend downward with engine model year: emission factors from 1995 and newer models were ten times less than emissions from pre 1980 models [CRC, 2003]. The introduction of new technology by way of fleet turnover resulted in measured decreases in on-road diesel particulate matter and BC emissions factors of 48 and 39%, respectively, between 1997 and 2006 [Ban-Weiss et al. 2007].
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